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It is shown that all high-modulus carbon fibers are durable with respect to
thermal oxidation in air., Among the more widely used and economical materials
with low modulus, Celion displays particularly good oxidative durability at
high temperatures. This, in contrast to other materials, is due to the low
content of sodium and potassium in Celion-carbon fibers. It is also noted
that Lmproved characteristics are attained in C.elion carbon fiber/polymide
systems when fibers are used with high temperature-resistant polymidc coatings.
1?. Rp VWde (><MM/N by AmMej1$
1'. S6e•el ry C148611. td
 doe pop"
Unclassified
s+
s	 A''
PROPER; iES OF CARBON FIBERS WITH VARIOUS COATINGS
Volker Seegel dnd Pcul E. McMahon
1.	 INTRODUCTION	 Zr
The first extensive investigations concerning the properties
of carbon fibers in high-quality	 epoxy resin-based composites at
temperatures up to 450 0 K were made at the beginning of the
seventies [1].	 In the following years polyimide resins were
developed which made possible the production of void-free composite
materials of a highly reproducible quality [2].	 Since these resins
can be used for composite materials with working temperatures from
533 _ 6440
 K, it is necessary that the reinforcing fibers for such
high-quality	 composite materials exhibit	 especially good oxidative
resistance.	 Loss of weight in air was selected as the criterion for determining
the best available	 carbon	 fibers	 [31,	 Some	 of	 the	 values	 determined
are	 presented	 here	 according	 to	 most	 recent	 revised	 status.
PAN-based	 fibers	 were
	
preferred	 since	 all	 commercially
available carbon fibers with high strength and a modulus of
200 -- 20 GN/m2 are derived	 from this precursor.
2.	 OXIDATIVE RESISTANCE OF THE FIBER
Commercially	 available	 carbon
	 fibers	 with	 a	 modulus
between	 200	 and 500	 GN/m 2 are	 prepared	 from a	 number
of	 different	 presursors
	
by	 using	 a	 great	 variety	 of	 processes,
r4
t
These fibers exhibited exceptionally great differences in weight
losses after thermal aging
	
in air with various cc.abinations
of	 time	 and	 temperature.	 The	 conditions	 'selected	 simulate i
either real conditions with respect to time and temperature or R
extreme conditions (increased temperatures), in order to accelerate
f
the aging process, here the loss of weight. Both the real con-
ditions and the accelerated conditions will; be described `in 	 ,
;t,.his paper.
r..
Numbers in margin indicate pagination of original foreign text.
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Accelerated aging:
It was found that the heating of carbon fibers for 24 hours
at 6480 K in air allows the division of
	
commercially available fibers
into three classes. The data obtained from a large number of
carbon Fibers are shown in Table I. From this table it can be
seen that three classes of ,xida"Wive stability were
Mere are a few very stable fibers which lose Less than /2
1% of their weight under these conditions, 	 This group
	
includes
the fibers GY-70 and Celion G-50. 	 Both fibers have a very high
carbon content of > 99% and	 during	 fabrication
	 are sub-
1'ected	 to temperatures up to 2,3000 K.	 A second group of fibers
of medium stability can be 	 seen from the table, whose weight loss
is between l - 5/.	 The third group of obviously very unstable
fibers shows weight losses up to 10%. 	 All fibers of the third
group have a carbon content of 91 - 95% and have in common, that
they are subjected during 	 the fabrication
	
process to only the
relatively low temperature of about 1500 0 K.	 The Celion fiber,
which exhibits a similarly low carbon content and which was
produced at a similar temperature as the fibers of the third group,
exhibits a different behavior and has an unusually high thermal
stability, which; places ii into the middle second group.	 It must
be noted that values were determined for all three high-strength
Celiotl fibers and that they are shown in this table because of
k
the similarity of the values; in the following all three high-
y.
strength Celion fibers will be treated as one product.
11
It can also be observed that Celion G 50 exhibits a thermal E
stability better by an order of magnitude than other carbon fibers
with a similar modulus. 	 Thus Celion G 50 is found in the group
of the most stable types of carbon fibers, while other fibers
witl, comparable modulus fall into the group of medium stability.
2
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-At-rinp, under real conditions:
The maximum temperature stressability of polyimide composite
materials is between 530 and 6500 K. Thus an average temperature
of 588 0 K was selected for measuring the thermal stability as a
function of time. A test temperature of 588 0 K seems to be more
realistic than the maximum stressability at 650 0
 K, since for
most of the applications to be expected the maximum temperature
stressability will be used only briefly, while a stressing of
,588 0 K can be expected absolutely over a long period of time.
The results of carbon fibers with promising stability are shown
in Table II, whereby one of the most widely used fibers Thornel 300
was chosen as a comparison.
r	 It becomes clear that Celium 3,000, 6,000, and 12,000 exhibit
a considerably better thermal stability than the selected comparison
product and that it approaches the HTa-fiber with respect to
resistance to oxidation in air. Celir:,n G 50 was also investigated
and exhibits excellent stability. The HTS-fiber was used for a
comparison since it represents a fiber with stability comparable
to that of the Celion fibers, but
	 the production of this
PAN-based material with higher modulus is more costly.	 Finally
the values of the Celion fibers were determined with samples having
a standard finish (facing) as well as with unfaced samples and it
t	 can be seen, that the loss in weight caused by the finish tapes
place at the beginning of the heat treatment. After this a faced
and an unfaced material acts the same way.
The values of the Celion types 3000, 6000, 12,000 and that of
the higher-module type G 50 -are shown in figure 1. The difference
in the thermal stability can be clearly seen by the shape of the
curve which represents the relative degree of the oxidative
decomposition.
Since many applications for carbon fiber composites are
f
I
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subjected to working temperatures of only about 5330
 K, it was of
interest to determine the loss of weight as a function of time at
this temperature. 	 The corresponding results are shown in Table 111.
A smaller number of fibers were tested, only for the purpose of
determining differences in orders of magnitude. 	 It is shown that
Celion as well as HTS are exceptionally stable under these conditions,
while T 300 suffers an additional significant loss in weight. 	 Again
the early loss in weight, caused by oxidation and vaporization of
narticles from the facing of the Celion fiber, can be seen while
the further increase of the weight loss remains insignificant.
3-	 CARBON CONTENT AND TRACES OF METAL
Techniaues for chemical analysis of the fiber composite materials:
The carbon co laterit of most of the carbon fibers tested here was
determined by a modified Pregl method. 	 The metal analysis was
conducted with a combined
	
ash /emission-spectrograph technique.
Surfur and chlorine were determined by XRF (x-ray fluorescence).
Com-oarison of different carbon fibers 	 L4
The results of different carbon fibers are shown in Table IV.
We analyzed T 300, Celion 3OOo/6000/12,000, HTS and AS-1.	 It can
be easily seen that the most stable PAN fibers such as Celion G 50
and GY 70 exhibit a high carbon content as well as also a relatively
high modulus.	 In contrast thereto the 240 GN/m 2 modulus materials
have a considerably lower carbon content between 91 and 96%.	 it
must be noted that of these materials only the Celion fiber
exhibits a low sodium and potassium alkali content. 	 All of the
relatively h."gh-stability fibers have a lower alkaline content
than the fibers which proved to be more unstable.
Metal traces- in.precursors
It is assumed that the metals in PAN-based carbon fibers originate
Z­__* _^^Z J,-c
P 1
3 k! i
in the precursor	 From Table V it can be seen that the
precursor for Celion exhibits a negligible sodium and potassium
content, while Courtelle has a relatively high sodium content.
Figure IT shows that the effect of the precursors on the thermal
stability of the Fibers, which have a relatively low modulus and
_.
c which were produced at relatively low temperatures up to ca. 1500 0 K,
is most significant.
	
In th,'Ls temperature range the Celion-carbon
fiber has by far the best properties. 	 For production temperatures
of ca. 1850 0 K the conversion into carbon is nearly complete and
the sodium and potassium content is considerably lower, just as for
F
all commercially available high-modulus fibers based on PAN
precursors.
4.	 CAUSES FOR THE INSTABILITY
4
i
It is assumed that the stability of the Celion fiber is
F
directly connected with the low alkali content in the fiber.	 It
is known that sodium and potassium act as catalysts foi the
oxidation in air [6]. 	 Actually in-house investigations of carbon
fibers temperature-aged in air have shown that sodium impurities
lead to large local craters on the surface of GY 70, if the fiber:;
is subjected to 91 00 0 K in air.	 In order to prove the mechanism
x of this oxidative decomposition of carbon fibers, samples of
F T 300 and Stackpole, both fibers with relatively high sensitivity 	 /5 iif
toward oxidation, wer.) subjected to average conditions which caused
T a significant, but no' complete erosion. 	 The conditions were
` 6530 K for 24 hours in air..	 Subsequent measurements showed a loss
of weight of 24 or `75% for the Stackpole or T 300 fibers. 	 Nevertheless
the fibers were still intact, even after such a pronounced erosion,
which we were able to prove through investigations under the
4i electron microscope.,	 The initial and the final tensile strengths
y`
c	 ,
were investigated and are shown in Table VI.	 It was found that,
although the strength of the fibers was reduced a small amount,F,
the modulus remained unchanged. 	 It is assurt.;ed that this result can
be attributed -io the catalytic erosion in the presence of alkali,
which was uniformly distributed in these fibers. An apparent
deviation from this above-mentioned causal relationship was observed
on the As 4 carbon. fiber. The loss in weight at 6480 K after
24 hours in air a.s only insignificantly higher than that for Celion
despite the high sodium content of ca. 1,000 ppm.
Two possible explanations are:
1. that washing of the finish in hot acetone has no effect
( and that the sodium is located in the finish), or
2. that the fiber exhibits an unusually high carbon content of
99/.
These pos6ibilit3.es should be investigated.
5.	 EFFECT OF FIBER a,ATCN'GS
In order to simplify the handling of carbon fibers, it is
customary to provide them with a surface ;finish. Materials are
usually applied at about 1% and contain epoxy or epoxy derivatives,
in order to guarantee compatibility with this very widely used
matrix material. While these finishes do not seem to influence
the properties of epoxy resin composite; materials, which are
employed at temperatures of 450 0 K or less, one must assume that
they exert a harmful effect on the properties of composite
materials, whose hardening cycle and/or utilization temperature
reaon 450 0 K. Above this temperature the components frequently
tend to vaporize or they are unstable and can thus produce gas
bubbles or void between fiber and matrix. Tables I and II already
showed the effect of loss of weight caused by the finish of the
Celion fiber, while T^^.ble VII proves that this loss of weight
occurred not only in the fiber, but also can be shown in the
composite material. The bending- and shear properties, shown in
Table VII; do not seen to be particularly affected; however, one
must remember that it isjust these properties which are less
susceptible than the others.
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Explanations:
The tensile strength in transverse direction of epoxy -,finished
Celion/LaRC 160 laminates is only 3$ MN/m2 compared to 70 MN/m2 of
test bodies with poly1mide-finished Celion fibers in the same epoxy
system (see Tables VIII and IX). The polyimide finish which was
originally used for the Celion fiber, is based on DuPont No. 150,
a resin system vrhwch is no longer available commerc:ally. A
substitute resin was developed by the Celanese Co., which combines
thermal stability with improved handling characteristics. Thus
elementary fiber fractures and fluffing effects were reduced
considerably. It is expected that not only the weaving, but also
the production of prepregs will be simplified with this new finish.
The stability of this finish developed especially for polyimides
is shown in Figure III compared to Celion with an epoxy
-compatible
finish.
6.	 INVESTIGATIONS WITH COMPOSITE MATERIALS
i
The excellent thermal oxidative strength of the Celion fiber
takes on importance only if composite materials with these fibers
and with the use of high temperature resins can be produced.	 The
ye	
t
Celion fiber has a higher oxidative resistance at increased ;±
application temperatures than most other available fibers hav'ng
the same order of magnitude with respect to cost and modulus. s
Thep	 y'properties of Celion La.RG 16 	 0l ^.mide composite materials i
can be seen in Table IX.
	 The test samples were tested at 295 0
 K
and 5330 K at 0, 200, and 500 hours of temperature-aging in air at
533° K.	 These fibers contain an epoxy finish and it can be clearly e	 i
seen that the transverse (90 0 ) tensile strength is rather low,
while the remaining mechanical properties are only insignificantly
lower than those of the conventional epoxy-based composite materials.
The bending- and shear strength at elevated temperatures show a
^	 t
minor increase with increasing temperature effect.
	 This must be !
most probably attributed to an additional aftr ;r-hardening process',
8which becomes effective during aging. Similar effects were also
observed C7J in other investigations.
At this point it seems clear that no disadvantageous effects
resulting from fiber stability at 5315"t,
 K can be expected in composite
material with Celion Fibers. The data of Table X were produced Li
order to show the acceptable quality of properties in composite
material, which can be obtained with the new P2 finish. In
particular the 90 0 bending strength again shows the high quality of
properties which can be obtained by the use of a stable polyimide-
compatible finish.
7. SUMMARY
It is shown that all high-modulus carbon fibers (34, GN/m2)
have good resistance toward thermal oxidation in air. However,
of the more economical and wider distribution materials with lower
modulus (240 GN/m2 ),Celion exhibits a particularly high oxidative
resistance at high temperatures. The difference compared to the
other fibers was attributed to the low content of sodium and
potassium in the Celion-carbon fiber.
Furthermore it was shown that improved properties in Celion
carbon fiber/polyimide systems can be obtained if a fiber with
a high-temperature-polyimide-compatible finish is used.
The authors would like to thank Mr. Hector Zabaleta who made
most of the tests shown in this report.
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Table I
Weight lore of different carbon fibers after 24 hours at 648 0 K
In air
fiber
Gx„70
Celion G50 (no size)
UGC VSA:.1 (pitch based)
Hercules HMS
Celion 3000 (standard size)
Celion 6000 ( standard size)
Celion 6000 (no size)
Celion 12,000 (no size)
Hercules HTS
Thornel 300
Hercules AS-1
g carbon modulus GN/m2	 weight 1o€^a
99.3 517 0.1
99.7 345 0.2
-- 345 0. 4
_- 345 z; . 6
93 241 1.7
93 241 1.9
93 241 0.5
93 241 0.4
-_ 276 3,4
91.3 241 14.9
93.9 241 36.5
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Table V Z15
Elemental analysis of precursors (ppm)
precursor Celion precursor Courtelle PAN
element s
it Na < 50 2700
< 50 < 50
Si 100 50
P 80 N. D.
100 4o
ra 150 30
Zn 300 N. D.
N.D.	 not detectable
Table VI 116
Effects of temperature aging at 648 0 K on selected carbon fibers for
24 hours
fiber cross-
secti.6nal area	 strength modulus
test method	 ^10-12M)carbon fibers	 2 _OVIN	 2 (GNI	 )L__P2
Thornel originally	 54.2 2620 269
after 648 0
 K	 32.9 2070 269
heat treatment
Stackpole originally	 49•o 2210 220
after 648 ° K	 26.4 2000 220
heat t reatment
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Table VZTT
	
Z-1-9
Tensile strength, transverse direction and shear strength of
LaRC 160 laminates with different finishes
finishes	 e,poxy finishes	 PT finishes
tensile strength in transverse 	 35	 73
direction (,,IN/m2)
interlaminar shear strength
	 110	 lY1
( ,N/m2 )
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Properties of Celion 600/ZaRc composites and application of fibers
with new PT finishes
test temperature; ° I£ 298 533
00 bending strength; MN/m 2 2080 1470
0° bending modul^is,	 GN/ m2 138
900 bending strength MN/m2 63 47
00 tensile strength MN/m2 2140
h
0 0 •tension modulus	 GN/m2 15,5 -
00 tension - % elongation 1.4 -
interlaminar shear strength MN/m2 l09 63
I-
' 
<
Xl
 
.~
~-
::
';
:.
';
-
e~
 
dP
 
Z 
J::
 
o
r; 
I-
Ul
 
en
 
til
 
:::
> 
0 
.
.
.
.
J 
r-
I 
~
 
U
J 
+
l 
>
,.
c
: 
~ 
b
l 
:::c
: 
o
r; 
u
 
(!)
 
_
 
3:
 
3
: 
U
J 
0 
(
.9
N
 
AB
BI
LD
UN
G 
1 
F
ig
u
re
 1
 
GE
W
IC
HT
SV
ER
LU
ST
 B
El
 5
88
0 K
 IN
 L
UF
T. 
1
. 
w
e
ig
ht
 l
o
ss
 a
t 
S8
80
K
 i
n
 a
ir
 
4 3
t-
CE
Ll
ON
 3
00
0 
\ 
2 1~ 
CE
Ll
ON
 
/G-
SO
 
1 
1 
c
,
~
 
~?
:j
 
~j
 ,~ 
,
~
 
0
" 
to"
" 
.~ 
) 
,
 
.
 
=
 .,.:
~1 
c:
::.
""
':"
 
"'
!~
 
O
E.
-
I 
.
' 
I 
I 
I 
I 
o
 
10
0 
20
0 
30
0 
40
0 
50
0 
Z
E
IT
, 
ST
UN
DE
N 
3
. 
ti
m
e,
 h
ou
rs
 
-
-
-
-
-
-
-
-
-
-
-
-
-
_
.
_
.
 
-
-
-
-
-
-
-
-
-
-
-
"
'
-
-
.
_
-
"
"
-
-
-
-
-
-
-
-
-
-
-
u`
t
at
ORIGINAL PAQa it ti
t{
`	
.w^
OF POOR QUALITY IN- t
W
PQ V Z
n 0
w
•w N Z r-I a
fA
O
U
O o W •
ik ^4
• , M
w ^, N
N > Q U ° }
t^ A ^
i
^40 (db 0 f
W
' r j
0
U
N
^'
,
"t C4 A N
aW L
---- ! ------------L----J---
Q ° z CD (D d`	 N
w .- M
} v,U Zw e i^ W
P4	 a:
rL
Y
^
.
f'	 1
 !'
t
4-1	
A
0 000
saw*
=Now
' U	
-JN iZ iw
LU
C\j ^ 1O O O o	 p	 0O CD co CV ^-
ijq NI	 JIo^LL I19 N3aNn1S H3VN % NI lsn`d3ASiHDIM39
.aTp uT xo£LL 4L sanou s aa49p % UT ssoT 4gbt9M
r
r 7i
T
19
XN d
O
0
rd ^^ s
Q
Q	
r .
N ^
	
O	 r e
Lo
Q
Ln
r"" ^	 F.:.	 J1
Nr
^ s
	
NA	 ^
Q ^. a
Q lJ.l
Q
n
Gl'
:max,
Q
Q 1
i
P
I
,i
rw
k
^ ;
,
A
yam	 `'
, N OF POOR QUALITY,
•,a r..] An ^1 ^l.
f A°^frA *	 J
4
Cl-LiJ
W
^
.
C w ors,
4a
O
Lu
0-0 0 0 -^
— 
r^^
0
O
W Q) uj OL-j U C a U F'-'
.H
0
6	 •
LH o 0
rd
ro
,A
e
.^4
.v.
rdr,., AA'.
0 ..
1'(
rt
,^..AA
ly	 f'	 {c.Mf
P
^ f	 }
$4	 g ;
0^ A	 s k ,l	 y	 ^^ ,
w
ua	
-1
rd	 a °'
CA
«)
O	 'A
-a< r
N
O
€
4J
	W
,
f L
00
% uz SSOT 4qbT 9tA ° tt
Ni	 1S(17^13ASD	 I M3 j
20
4-11
i
r`
Wjjjjjjjijjj^
a
